Abstract. The work presented is an original algorithm which matches the segments of a pair of stereoscopic images and then improves the edge segmentation of images in order to make easier the interpretation process. The method does not consider each segment independently to perform the matching, but groups and matches the segments simultaneously. First, the linked segments are grouped and matched. Then, the same process is repeated while considering the segments more and more distant. At each step, di erent criteria such as segment connection type and relative position of the segments, are used in order to select the correct matchings among all the matching hypothesis. The segmentation improvement takes into account the geometric and topologic properties of objects : the computed sets of segments are considered as the projection of the faces of these objects. The segmentation improvement method relies on the comparison of the matched sets obtained previously.
Introduction
Although the segments be often used to compute the 3-D data 1{7 , the edge extractors produce still unsatisfactory results 8 : edges are not completely detected, junctions are not achieved, segments are split into several parts: : : Hence, in a pair of stereoscopic images, the matching of edges is di cult and can fail if the corresponding edges are quite di erent on each image. For this reason and compared with the human system which is very e cient in order to detect geometric properties such as colinearity, parallelism, and connections 3 , the method proposed does not consider each segment independently to perform the matching process 3{7 and does not try to match one segment with another one ; the method matches a set of connected segments with another set of connected segments on the other image. It relies on the fact that a segment must have the same environment as its homologous segment on the other image ; the result is a 2-D structural description of the scene given by the created sets of segments. The segments are grouped by analyzing their connections and their relative positions ; then the algorithm attempts to match each group with another one. The method considers rst the sets of segments completely linked ( called \connected components" ) in both images. They correspond to the edges which have been correctly detected in both images and therefore they are very reliable. The number of the sets of fully linked segments is small and the matching of these sets is easy. The same process is repeated while increasing gradually the distance between the segments and exploiting the results of the previous steps. At each step, the new sets can be matched with another set of segments on the other image or merged to an already-matched set of segments. At the end, the algorithm yields homologous sets of matched segments. Finally, by considering the pairs of matched connected components, the method analyzes the geometric and topologic relationship of the segments on each image ; if these properties are di erent on each image, the segmentation is modi ed according to the connection and parallelism properties of the objects.
Segmentation Improvement
This initial processing reduces the defects of edge detection by joining linear and non-linear segments in order to facilitate the following processes. The distance between the extremity points, the type of connection, the neighboring segments and the direction of each segment are taken into account by two rules processing segments pairwise 9 . This process is essential for the following matching algorithm since it makes possible the matching of two segments if one of them is split in several parts, and also, because it increases the number of connections which are the basic data for the matching algorithm.
Connected Component Matching
First, the segments with linked extremity points ( supposed to be the best detected and therefore, the most reliable ) are analyzed. A connected component of order 0 is de ned by a set of segments with linked extremities. The matching process is extended then to the other segments by adding a new pair of segments to a pair of homologous connected components already existing or by creating new sets of segments whose extremities are not linked ; the new sets constitute the connected components of higher order. The distance between two segments is de ned by the minimum distance of two points of each segment. The order O of a connected component CC is de ned by :
To be added to a component, the homologous segments must meet two requirements : relative position constraint, connection type constraint. Several iterations are made with segments more and more distant from the analyzed component and with components of higher and higher order.
Selection of Possible Homologous Segments
In order to lower the combinatorial complexity of the matching problem, the possible homologous segments must meet four requirements. The lters in use eliminate a great number of segments while keeping the real homologous one.
The location constraint
The disparity is de ned as the distance between two corresponding points, one point being projected on the other image. We have chosen a threshold which de nes the maximum disparity for each segment and its possible homologous ones 10; 11 . For a reference segment such as AB in Fig. 1 , the possible homologous segments must intersect a square window in the other image centered at the middle point of the reference segment. The size of the window depends on the maximum disparity value. This last constraint corresponds to the following assumption : the homologous segment must intersect the epipolar-band de ned by the epipolar lines associated to the extremities of the reference segment and similarly, the reference segment must also intersect the epipolarband corresponding to the extremities of the homologous segment 14 .
Results
The location, orientation and length constraints are valid only if the two views are not too di erent ; for this reason, the di erent thresholds have been chosen big enough in order to keep the real homologous one. Nevertheless, these four constraints are very selective since the average number of selected segments is 3 and in 99% of the cases, the real homologous segment is selected. It must be noted that the computation of the possible homologous segments can be executed in a parallel way : each computation for a segment is independent of the computation for the other segments.
Creation of 0-order Connected Component
A 0-order connected component is de ned as a set of segments linked by their extremities. This process performs both the 0-order connected component detection and the matching at the same time by creating a graph, Graph 0.
Let S and T be two linked segments and fhS 1 ,: : : ,hS p g ( resp. fhT 1 ,: : : ,hT q g ) the list of possible homologous segments of S ( resp. T ). The connection constraint is not selective enough to match correctly the segments. Initially, for every matching hypothesis ( S, hS i ) a node is created and included in the graph Graph 0. If S and T are two linked segments and if the pairs ( S, T ) and ( hS i , hT j ) meet the relative position constraint, a node ( T, hT j ) is created and a connection is made between the nodes ( S, hS i ) and ( T, hT j ). If there exists another segment linked to T, the same operation is repeated.
Creation of n-order Connected Component
The matching process is extended to the other segments which are not completely linked ; the algorithm builds up the 1-order connected components, then the 2-order connected components, and so on.
At each step n, a graph called Graph n and containing all the matching hypothesis is created. A sub-graph, called Nucleus n, is extracted from Graph n : whereas a segment of Graph n can belong to several connected components, each segment of Nucleus n must belong to a unique connected component.
Connection type de nition
Since the segments are not completely linked, a new constraint { the connection type { is de ned as described in Fig. 6 . The same operation is repeated for each newly created node and the connected component is achieved when no more segment can be found or when the current segment already belongs to the considered connected component.
Creation of n-order nucleus : Nucleus n
A subgraph Nucleus n is extracted from Graph n after checking the compatibility between the connected components. This process eliminates the hypothesis such that a segment is matched more than once. Fig. 5 , the segment 2l is matched to the segments 2r and 5r in the Graph 0 but in Nucleus 1 ( Fig. 8 ) the matching hypothesis ( 2l, 5r ) has been removed.
b. Validity of a connected component : Initially, a new component is created with a temporary validity. If two connected components have at least a common node, they can be merged and in this case, the resulting component has a nal validity.
c. Construction of Nucleus n :
The Nucleus n construction relies on the attempt to add the connected components extracted from Graph n to Nucleus (n-1) ( Fig. 7 ) . It can be noted by comparing the gures 5 and 8 that the component CC 1 is still included in the nucleus although the component CC 4 has been removed : in fact, the previous algorithm begins to include CC 1 in the nucleus because it is the largest component ; then, the algorithm detects the incompatibility between these two components when it attempts to include CC 4 in this nucleus : in this case, the largest component is kept because more connected segments belong to it. 
Coherence tests
During the construction of Nucleus n, it is necessary to maintain the coherence of the nucleus which is not ensured by the previous algorithm. This is the reason why di erent tests are performed at di erent steps in the algorithm. The rst and the second checks are performed before including every component in a nucleus. The last check is performed only once at the end of the matching algorithm.
a. Coherence of the pairs of the same connected component :
When a new connected component is created, the position of each pair of segments is checked out.
If we consider 2 pairs ( V, hV ) and ( S, hS ) of matched segments of the same connected component, the segment V splits the plane into two half-planes ; S belongs to one of the two half-planes. The matching is coherent ( Fig. 9 ) if hS belongs to the same half-plane ( de ned by hV ) as S and in this case, the new component can be included in the nucleus ( after checking the second test ). If the matching is not coherent ( Fig. 10 ) , the algorithm exchanges hS and hV. If the new connected component meets the two criteria, it is included in the nucleus ; otherwise, the component is not included in the nucleus since we consider that the previous matchings are more reliable.
c. Order coherence test :
The last test is applied to the nal nucleus after its completion. The Marr's order constraint 16 is checked for every segment along the epipolar lines. If the order is not respected, a last process attempts to correct the order by exchanging the mismatched segments.
Results of the Matching Algorithm
The matching algorithm has been applied to two different couples of images. The gures 14 and 15 show the results provided by the edge extractor. The gures 17 and 19 represent the nal matched connected components of order up to 8. Two matched components are labelled with the same number on the left and the right images and all the edges belonging to the same component are labelled with the number of this component ( Fig   16, 17 and 18 ). The gure 16 shows the 0-order connected components of the rst example. All the pairs of 0-order components are correctly matched and will be used by the following step of our iterative algorithm.
The nal components contain less than 3% segments which are mismatched ; the main reason for these errors comes from the null matches ( the real homologous segment can be invisible in a view but an unmatched segment can meet all the constraints ). These erroneous matched segments are detected and eliminated by a follow up process analyzing the grey levels on both sides of the segments ; the remaining erroneous matched segments can be detected when the 3-D reconstruction is made. The processing time is very short since the algorithm avoids the combinatorial explosion. We can compare the results with another method 5 which takes into account the relationship between the segments and groups them, but which looks for the maximal cliques in a correspondence graph. For indoor scenes, this algorithm 5 nds the nal matchings after 6 minutes at least ( with a 11/780 VAX ). On the other hand, our algorithm nds the nal matchings in less than one minute for the same scenes ( with a SUN 3/80 ). For the scene presented on the gure 15, the segments and the connections are more numerous ; however, our algorithm requires less than 3 minutes in order to compute the matched connected components. This processing time could be reduced if the possible homologous segments computation was parallelized.
Segmentation Improvement by Modifying the Matched Components
The segmentation improvement is based on the modication of the connected components matched previously. The major modi cations concern the junction of segments and the merging of connected components in order to yield a better structural 2-D description and to make easier the interpretation of the scene.
Modi cation by Comparing the Matched

Connected Components
The projections of the same object face should have similar characteristics on each image : some geometric properties concerning junctions and parallelism should exist on each image for the same object face ; the object faces have generally a regular shape in indoor scenes. For this reason, the rule-based process relies on the comparison of matched connected components by considering the geometric properties existing only on one of the two images.
Segment junction
If two segments belonging to the same connected component are not linked and if their homologous are, then the two segments are linked together. In the example above, it must be noted that S 1R and S 4R will be joined because S 1L and S 4L are linked, and, the junction of S 2 and S 3 will not be made since the segments are not linked in any image.
Junction point determination : the point where the two segments will be joined is computed by taking into account the parallelism :
if, in the connected component where the segments are linked, one of the segments to be linked is parallel to another one belonging to the same connected component, the junction is made while keeping the parallelism ( the parallelism is not a projective invariant 17 but if the angle between the two cameras is small, the previous assumption is generally acceptable for indoor scenes ).
otherwise, the segments are simply extended until they join.
Connected components merging
When two segments are too distant from each other, the connected component detection produces two components instead of one, even if their homologous are linked on the other image. In this case, the two connected components are merged on each image and the two segments are linked according to the previous rule. In the gure 12, the two components are merged and the segments of the right component are joined at P'. This process is important in order to improve the 2-D structural description and to obtain the correspondence \one connected component , projection of an object face".
Segment extension
When two segments are parallel and close to each other, the edge extractor can detect one completely and the other one partially ; this can be due to a shading phenomenon depending on lighting conditions or to a di erent point of view. By comparing the left and right matched components, this rule aims to restore the partially detected segment. The parallelism property is not de ned strictly : an error is allowed and de ned by a threshold. . then the segment ( here S 2R ) is extended such as obtaining two parallel segments with close extremities.
Modi cation by Analyzing each Image Separately
The previous processes consider the di erences between two matched components in order to achieve the modi cations ; but when the same defect is detected in two matched components, these processes are not ecient. The algorithm considers each image separately and searches for partially detected parallelograms ; nally, a last process of junction modi cation is applied.
Search for parallelograms
In the gure 11, the last junction cannot be made since the segments are not linked in any of the images. This process searches for partially detected parallelograms and takes into account the parallelism property to perform new junctions. The algorithm selects the connected components containing four connected segments parallel two by two ; if two segments of this set are not linked, they are joined and the parallelism is preserved.
Local modi cations
After applying all the previous rules, some junctions are not performed because the distance between the extremity points is greater than the given thresholds or because the parallelism detection has failed ; it is now possible to increase the thresholds without taking too much risk of mistakes since most of the junctions performable have been achieved. This process is similar to the process of x2 but the threshold in use is 10. The determination of the junction point is di erent ; if only 2 segments are likely to be joined, the junction is computed in the same way as previously. But, if one extremity belongs already to more than one segment, this extremity is unchanged and the segment is connected to the other at this point ( the multiple junctions are kept ).
Experiments and Results
In the gure 17, we present the connected components matched by the algorithm described on x3 with the parameter n equal to 8. Two matched components have the same number on the left and right images, and the segments belonging to these components are labelled with the component number. The gure 18 represents the nal connected components after the processings described in x5. Some examples of modi cation are detailled below ( the numbers of the components correspond to the numbers in the gure 17 before improvement ) :
The connected components 1 and 15 are modi ed by the rule described on x5. 
Conclusion
The originality of the method comes from the simultaneous processings of grouping and matching the segments of stereoscopic images ; thus, we avoid the combinatorial complexity of other matching algorithms. The method relies on an iterative algorithm matching rst the best detected segments ; the results obtained are used to propagate the matching to the other segments. The method is very e cient and yields excellent results.
The processing time is very short since the most reliable matching is performed rst and exploited for further processing. It is also possible to process other segments which have not been correctly detected and to try to match them without reducing the e ciency of the algorithm since the previous valid matching cannot be cancelled. The segmentation modi cations are performed by comparing sets of homologous segments on each image and by exploiting geometric and topologic properties. The nal segmentation contains more linked segments and more closed polylines likely to represent the projected faces of objects. 
